We report the results of a search for rapid (minute to hour time scale) quiescent X-ray variability in active late-type dwarfs observed by Einstein. The data for 19 stars were analyzed by a new x 2 method, specifically designed to detect nonperiodic variability in sources with a low count rate. All but three of the stars investigated proved variable at the > 99% significance level. A characteristic variability time scale of ~ 150 s was found for 40 Eri C; lower limits of a few hundred to > 1000 s were found for the remaining stars. The typical amplitude of the variability was ~ 30% and appears to be independent of spectral type (at least down to ~ dM5e). This result agrees with the lack of dependence of the quiescent X-ray luminosity L x of late-type dwarfs on spectral type found by Bookbinder in 1985, but is in marked contrast to the properties of ¿/-band flares. Stars later than dM5e may, in fact, show a greater variability amplitude, but these stars were faint and had short observations, so that only higher levels of variability could be detected.
I. INTRODUCTION
In the last decade, the two most obvious properties of the solar corona, X-ray-emitting plasma and flaring, have been found to be widespread throughout lower-main-sequence stars (e.g., Vaiana etal. 1981; Haisch 1983) . But the solar corona also exhibits less dramatic forms of variability, such as changing quiescent flux levels over the course of a solar cycle and low-level fluctuations on time scales of minutes to hours. The latter are clearly seen in the full-disk light curves obtained by the GOES satellites (e.g., Donnelly and Bouwer 1981) , and also in spatially resolved observations of individual active regions (e.g., Withbroe, Habbal, and Ronan 1985) . The frequency of faint bursts and flares on the Sun (X-ray luminosities, L x~1 0 24 ergs s -1 ) has given rise to recent speculation that they may possibly be the dominant heating mechanism for the solar corona (e.g., Lin et al. 1984; Withbroe, Habbal, and Ronan 1985) , and possibly for stellar coronae as well (Skumanich 1985; Doyle and Butler 1985) . Studies of rapid (i.e., minute to hour time scale) variability on late-type dwarfs have, until recently, been virtually synonymous with studies of flares, both at optical (e.g., Lacy, Moffett, and Evans 1976) and X-ray wavelengths (e.g., Heise et al. 1975; Kahler etal. 1982; Haisch etal. 1983; Ambruster, Snyder, and Wood 1984) . Very little work has been done on quiescent variability even in the optical, although nonflare photometric and chromospheric emission-line variability within the course of a night have been reported on several occasions (e.g., Bopp 1974) .
At X-ray wavelengths, the first indications of nonflare variability in the coronae of late-type dwarfs were found by comparing fluxes taken a few months or years apart, e.g., a Cen AB (dG2 + dKl) and, independently, a Cen C (Proxima Centauri) (Golub etal 1982a; Haisch and Linsky 1980; Haisch etal 1983) . The predominantly scanning, rather than pointing, mode of the HEAO 1 sateflite allowed more time scales to be sampled, resulting in the discovery that EV Lac (dM4.5e) and YY Gem (dMOe + dMOe) were variable (outside of flaring) on as short as 12 hr time scales (Ambruster, Snyder, and Wood 1984; C. Ambruster 1983, unpublished) . Suggestions of still more rapid nonflare variability (time scales of a few minutes) have occasionally appeared from Einstein observations, e.g., Vaiana (1983) , Haisch etal (1980) , Johnson (1981) .
The solar analogy suggests that late-type dwarfs might also show rapid, low-level fluctuations. We have used the new x 2 method of time variability analysis developed by Collura et al (1987) to search for low-level, minute-to-hour time-scale variability in the Einstein IPC light curves for 19 late-type dwarfs having relatively long observations ( > 10 3 s each).
II. THE DATA
The stars in the program are listed, along with some of their properties, in Table 1 . The star's number in the Gliese (1969) catalog is given in column (1), and its more common name in column (2). The spectral types in column (3) and absolute magnitudes in column (6) are taken from Johnson Vol. 65 (1983) and Gliese (1969) . Column (4) indicates whether the star is single, binary, or part of a multiple-star system. The star's distance (col. [5] ) is computed from parallaxes published in Gliese (1969) or Gliese and Jahreiss (1979) . Sources for the young disk-old disk (YD-OD) kinematic population (col. 7) are given in the table. The X-ray luminosity, L x , the bolometric luminosity, L bol , and their ratio, L x /L hol (cols.
[8]- [10] ), are taken from Bookbinder (1985) unless otherwise indicated.
All observations were obtained with the Einstein Imaging Proportional Counter (IPC). The IPC, with a I o X I o field of view, had a spatial resolution of 1'. The spectral bandpass was 0.2-4 keV, with 32 pulse-height analyzer energy bins (not all of the bins were statistically independent). Only reprocessed data (revision 1A or IB) were used. A full description of the Einstein instrumentation may be found in Giacconi etal (1979) . Table 2 summarizes the observations. Columns (1), (2), and (4) give the star's name (as in Table 1 ), plus the date of the Einstein observation. In four cases, 1907 (YZ CMi), 1913 (AD Leo), 13243 (Proxima Centauri), and 1933 (EQ Peg), the length of the observation (col. [3] ) was too great for the variability analysis routines and the observation was subdivided into parts A, B, and so on. The times in column (5) refer to the beginning and end of data taking from the star, and not the beginning and end of the sequence number (the two typically differ by a few hundred seconds). The net length of the observation (col. [6] ) is the net time on the star, AMBRUSTER, SCIORTINO, AND GOLUB 1906  1905  16952  16953  12302  13106  1865  1849  15485  12308  I907A  I907B  1908  I3048A  I3048B  110640  I913A  I913B  I913C  1915  1916  13530  1917  16969  I3243B  17689  17749  13112  1927  12314  13118  15657  I933A  I933B 1979 summed over all the data segments in the sequence number. Times corresponding to data contaminated by the sunlit Earth and deleted later in the analysis (see Comments column) have also been subtracted. The number of photons (col. [7] ), is the original number of source-plus-background photons listed by the Einstein software.
Prior to the variability analysis itself, the time-resolved data string was obtained from standard Einstein software. It was necessary to select the range of useful energy channels individually for each observation because the relatively soft stellar spectrum falls rapidly in the higher energy channels, while the background spectrum rises. As a result, the highest energy channels generally contain more background than source counts. The criterion, for retaining a channel was that it have at least -3 times as many source as background counts. The source counts were measured in a 42 X 42 pixel (5Í6 X 5'6) box around each program star. The counts measured in this way agreed to within -2% with the number of counts obtained from the standard Einstein analysis (which uses a 45 pixel diameter aperture) for the same range of energy bins. The background spectrum was taken from the counts in a similar 42 X 42 pixel box offset consistently to one side of the source in the IPC image in order to avoid significant contamination by scattered light. The energy bins used (Table 2) ranged from 2-18 (CN Leo) to 2-30 (Capella, AU Mic). Usually the same subset of the 32 energy bins was found for all observations of a given star.
Various sources of spurious variability were investigated, the two most important being contributions from the sunlit Earth and variability in the X-ray background. Besides automatic computer data screening done in the course of the Einstein system processing, each sequence number (observation) was inspected visually, in conjunction with the spacecraft records, for contamination by the sunlit Earth. Although several cases were found where Earth contamination was clearly visible in the background data string, only one case, 110640 (for YZ CMi), showed a clear enhancement in the stellar light curve. Nevertheless, all Earth-affected segments were eliminated from the subsequent variability analysis. Also deleted were the occasional spikes at the beginning or end of a data segment caused by high-voltage transients when the detectors were turned on or off.
For each sequence number, the variability analysis was run on both the source counts and the counts in a "large background," in order to monitor background variability. The "large background" was a 170x170 pixel box offset to one side of the source, in which the number of counts was generally within a factor 3 of that of the source and was often comparable to it. (The ideal background measurement, in an annulus around the source, could not be made at this time for the time-resolved data string because of software limitations.) A few cases were found in which the background variability amplitude exceeded that of the source. However, in all cases of significant "large background" variability, we found that the maximum contribution of the counts in the variable background, scaled to the 42x42 pixel area of the source, was less than about one-sixth that of the 1 a Poisson lower limit to the intensity of the source. Essentially, background variability was too diluted by the ratio of areas to be significant.
With only a few exceptions (e.g., Kahler et al 1982; Haisch et al. 1983) , there was no simultaneous ground-based optical coverage during the Einstein observations.
III. THE VARIABILITY ANALYSIS
The variability analysis method of Collura et al (1987) is basically a rigorous elaboration of the standard x 2 test, with some important modifications. It was developed specifically to measure random, nonperiodic variability in data samples with low counting statistics, such as are frequently encountered in astrophysical situations. The procedure yields not only a determination of the statistical significance of the variability, but also an estimate of the fractional variability and a measure of the dominant time scale of the variability. A detailed derivation is given in Collura et al (1987) ; here we summarize the procedure and note a few of the ways in which it differs from the classical x 2 testin any test using binned data, random statistical fluctuations can arise from the way the photon counts are divided between adjacent bins, and this can result in a spuriously high X 2 . To avoid this problem, the Collura etal algorithm constructs a set of binned data from the Einstein count arrival times which are characterized by the same bin size but different binning phases. A reduced x 2 (^> </>) is computed for each stream of data binned with a given initial phase <f> and a given bin size b. For a source of mean intensity, or mean number of counts per bin, /,
where c i is the observed number of counts for the i th bin, n is the number of bins, /, is the fraction of the i th bin during which the detector was on, and v = n-1 is the number of degrees of freedom. The sum is extended over all "on" or partially "on" bins, i.e., the analysis can be performed even in the presence of data gaps. The minimum bin size is determined by taking into account the loss of sensitivity when the expected number of events per bin was less than 5 (because then the residuals are not x 2 distributed). The lower limit to the bin size also fixes the shortest detectable variability time scale.
The phase-averaged x 2 > is computed by averaging the various x 2 (^> $) values for the same bin size. The xl(b) value so obtained for each binning interval is not influenced by the choice of the phase of the binning, and we use this value for testing the hypothesis that the data represent a constant source.
One consequence of phase averaging, however, is that the number of (quasi-independent) observations is greatly increased, and therefore also the probability of obtaining a high value of x 2 from purely statistical fluctuations (see also Meekins et al 1984 ^ si 26 exceeds the chosen significance level. Three significance levels are used in the present application: 10%, 1.0%, and 0.1% probability that the source is constant (90%, 99%, and 99.9% probability of variability, respectively). These three levels have been calibrated by running the present test over four sets of 5 X10 3 simulations of a constant rate source whose mean number of counts ranged from 5 X10 2 to 4 X10 4 ; the constancy of these simulated sources was proved using the bin-free KolmogorovSmimov test.
The right-hand side of equation (2) is calculated from the data and can be interpreted as the square of the "effective" or apparent fractional variability of the source, K e 2 ff // 2 . However, V cff /I is always a lower limit, since it measures variability only with respect to the overall mean count rate /: the separate count rates of the constant or variable components are not known from the observations. The maximum amplitude is
where H= (h^/b is the average rate of the variable component (during the "on" periods), and R = I/b is the average overall source rate. The statistically most likely variability amphtude is twice the lower limit computed from equation
The error bars on ^eff at a given significance level are computed by substituting (1 + e) for 1 in equation (2), where e is the difference between the formal xl for the given significance level and 1 (the expected xl f°r a random noise background):
The time scale of the variability is identified by the drop in V efT (b) as the bin size b increases past the characteristic time scale, thereby smearing the variability. A typical 1 a error in the time scale for statistically limited sources (i.e., sources variable at a significance level of 95% or less) is a factor of 2. For our program stars, we adopted a confidence level of 99% as the criterion for statistically significant variability.
IV. RESULTS
The results of the survey are shown in Figures 1-19 and summarized in Table 3 . The figures give the variability analysis (in graph form), along with the Einstein light curve, for each sequence number in Table 2 . The gaps in the light curves occur because the detectors were turned off during passage of the spacecraft through the South Atlantic Anomaly or across the sunlit Earth. Columns (l)-(3) of Table 3 are as in Table 2 . The characteristic time scale of the variability (col. [4] ) is the bin size at which a drop in the significance level of the variability occurs (as described in the previous section). When there is no apparent break in slope, i.e., no indication of a characteristic time scale, the lower limit to the time scale is taken to be the duration of the longest time bin. The amplitude of the variability is given in column (5), either as a statistically most likely value (equal to twice the plotted lower limit in Figs. 1-19) or as an upper limit when no significant variability is present. For the remainder of the paper, amplitudes cited will be these statistically most likely values, rather than the lower limits from Figures 1-19. Since the significance level of the variability varies with bin size, upper limits are estimated from the 99% significance level at a 200 s bin size (available for all the observations). Column (6) is a qualitative summary of the variability significance of each sequence number: C = no significant variability, V = significant variability (99.0%-99.9% significance level), W = variability at very high significance ( 99.9% significance level). Comments appear as footnotes.
The main conclusions from the analysis are the following. 1. Quiescent coronal variability is ubiquitous among dKe and dMe stars. All but three of 19 stars investigated proved to be variable at > 99% confidence on time scales of tens of seconds to > 10 3 s. The most common variability amphtude is -30% (Table 3) .
2. It is clear from Table 3 and Figures 1-19 that the degree or amphtude of variability in cool dwarf coronae is itself variable. Seven stars in our sample were observed two or more times by Einstein on different dates (UV Cet, YZ CMi, EQ Vir, CN Leo, Proxima Centauri, L789-6, and EQ Peg): six showed no variability above the 90% confidence level on at least one of the observations. Only Proxima Centauri was variable both times it was observed. Thus, it is quite likely that most of the dKe and dMe stars which were observed only once by Einstein and did not show variability (e.g., YY Gem) will prove to be variable in future observations.
3. Within the limits of the data, both the amphtude and the time scale of coronal variability appear to be independent of spectral type between about dKO and dM5. Figure 20 shows a plot of variability amphtude (from Table 3 ) versus spectral type for each program star. The amphtude is roughly constant at 20%-40% down to at least spectral type dM5.
4. Significant variability is found even for very late, supposedly fully convective M dwarfs (L789-6, CN Leo, Proxima Centauri, UV Cet). There is even a suggestion that the variabihty amphtude may increase toward the very coolest stars. The case for an increase at the very latest spectral types is largely based on L789-6 and CN Leo, and, in both cases, small flares may have been present in the data. However, the nature of the variability (flare or nonflare) is not completely clear, and the faintness of both these stars ensured that variability levels below -50% could not be detected. (There may also be a contrast effect: fluctuations may appear enhanced because of the low quiescent L x of these stars [ -10 27 ergs s -1 ].) Any qualitative differences between the coronal variability of these stars and that of stars with radiative cores will provide important clues as to the nature of magnetic field generation in very low mass dwarfs.
5. We anticipated a dependence of variability amphtude on count rate, since lower levels of variability would be unobservable in the fainter sources. For the very brightest and faintest sources, this is indeed the case: variability as low as 10%-16% is measurable in the light curves of AU Mic, Capella, and AD Leo (count rates of ~ 3-6 s -1 ), while for CN Leo and L789-6 (count rates of 0.05-0.1 s -1 ) variability below the 50% level could not be detected. For sources of intermediate strength, however, there is no apparent dependence of amphtude on source strength, suggesting intrinsically different variability properties both from star to star and from one epoch to another.
6. A clear-cut characteristic time scale for the variability was apparent only for 40 Eri C, where a clear decrease in the significance level of the variability is seen for bin sizes greater than -150 s. The lower limit to the characteristic variability time scale for all the other stars in the program is between 200 and > 2000 s, i.e., longer than the largest statistically useful time bin in the analysis.
7. The program stars are virtually all active (dKe or dMe) and presumably young stars (the suffix "e" signifies the presence of Balmer hnes in emission). It is particularly unfortunate that the three dM stars included in the program turned out to be too faint for meaningful variability analysis (Barnard's star [dM5], Gl 412AB (dM2 + dM5.7e: WX UMa), and G1 825 [dMO]). The presence or absence of this kind of variability in older stars is directly relevant to the question of how stellar coronae are heated (see § VI). . The plotted variability amphtude is a lower limit: the best statistical estimate for the actual variability amplitude is obtained by multiplying the lower limit by 2. The thrée sloped lines were calculated by Monte Carlo techniques for a constant source whose intensity is equal to the mean intensity of the source in that sequence number; from bottom to top they correspond to probabilities of 90%, 99%, and 99.9% that the source is variable. The gaps in the Einstein light curves reflect passage of the spacecraft through the South Atlantic Anomaly, or Earth occultation. The variability characteristics are summarized in Table  3 . (6) Variability analysis and light curve for UV Cet (1905) . The plot marked total is the analysis of the entire observation; segment "c" was not significantly variable. See further discussion in the text, (c) Variability analysis and light curve for UV Cet (16952). Segment "a" shows significant variability for bin sizes of a few hundred seconds; the variability appears diluted when the entire observation is analyzed, {d) Variability analysis and fight curve for UV Cet (16953). These six data segments seem to trace out a long, slow flare; more rapid variability is present in segment "c. (Fig. la) , or for the first and third segments of the next observation, 1905 (1905a and 1905c) . The entire 1905 observation, however, is highly variable, because the count-rate levels of each of the three data segments comprising it are different (Fig. lb) . It is possible that the higher count rate at the start of 1905b represents the decay of a small flare rather than an enhanced version of the more typical quiescent variability seen in 16952 (Fig. 1c) . We draw particular attention to the remarkable gradual ( ~ 29,000 s) flare in 16953 (Fig. Id) . Shorter time scale structure is superposed on the gradual envelope of this event (16953c), although the large gaps in the data obscure most other details.
YZ CMi (Figs. 8a-8e ).-The full range of variability behavior, from constant to flaring, is seen in the four YZ CMi sequence numbers (as in the multiple observations of UV Cet and AD Leo). Both observations comprising 1907 (taken a year apart) show no significant variability (Figs. 8a, 86) . Nor is variability seen -1 hr before the large flare reported by Kahler et al. (1982 ) from 1908 . Variability is, however, seen throughout 13048 (Figs. %d, 8c) , as well as ~1 hr before a previously unreported flare on 1981 April 1 in 110640 (Fig. 8/) . AD Leo (Figs. 9a-9c ).-This star was observed continuously for almost 2 days in 1980 May. As with UV Cet and YZ CMi, some segments of the data show no significant variability (I913Bb and I913Bc), including one (I913Aa) ~1 hr before another previously unreported flare (Figs. 9a, 96) . However, seven of the total of 10 data segments are variable. In two cases (I913B and I913C) the longer the data string, the higher the significance level of the variability: compare the variability analysis for the entire observation (1913B and I913C) with the analysis for the individual data segments (Figs. 96, 9c ). In the case of I913C, the definition of segments a,b,c predisposes to this result because the boundaries were chosen to group data at similar count-rate levels. However, for I913B (Fig. 96) , the data segments are all at essentially the same count rate. Another example may be 1905 for UV Cet, although the start of 1905b may show the decay of a small flare. There is, therefore, a suggestion that changes in flux level, whether caused by quiescent variability or by flaring (the distinction between the two is sometimes blurred, particularly at the beginning or end of an observation), typically occur on time scales of order 10 3 s, consistent with the lower limits to the characteristic time scale found by the variability analysis routines (col.
[4] of Table 3 ). As usual, however, there are counterexamples, e.g., UV Cet 16952 and 40 Eri C, where variability is at either a higher significance level or a higher amplitude in a subset of the observation, and is reduced in the variability analysis of the entire data string, presumably through the admixture of relatively constant data.
Proxima Centauri (Figs. 13a, 136 ).-The first of three observations, I3243A, is dominated by the flare reported by Haisch et al. (1980 Haisch et al. ( , 1981 but could not be analyzed because of technical problems. The second observation one day later, I3243B, shows significant variability but no flare (Fig. 13a) . The final observation, 17689 (Fig. 136) , shows the large two-ribbon flare reported by Haisch et al. (1983) , as well as strongly variable segments 1 hr before and 1 hr after the outburst. Structure in the light curves of these latter two segments is particularly well delineated.
Wolf 630 (Fig. 15 ).-One continuous observation ends in a gradual flare (Johnson 1981) . Although the dividing line between the flare and the preflare parts of the light curve is far from clear, it appears that the flux prior to the flare is indeed variable. (Fig. 3 ).-Marginal variability (98% confidence level) is found at short time scales in a 17.3 minute observation.
6) Stars with Quiescent Variability and No Flares e Eri
Capella (Fig. 5 ).-Only the shortest and longest bin sizes are significantly variable in a 22.5 minute continuous observation. This binary is the only non-main-sequence object in the program.
EQ Vir (Figs. 12a, 126 ).-Variability is found at most bin sizes in 1917 (1979 July), but no significant variability is No. 2,1987 e Eri (13106) CR Dra (Fig. 14) .-Variability is found only at longer bin sizes.
BY Dra (Fig. 16 ).-The only statistically significant variability is for the shortest time bin ( -10 s). This is the value of the initial bin size which was used to input the data into the variability analysis routines from the Einstein system preparatory software (9.09 s). Each 9.09 s bin contained -10 counts on average, more than twice the typical number for some other sources which did not show variability for the shortest time bin. Thus this variability is probably real, but confirmation from future observations is desirable.
A U Mic (Fig. 17 ).-Marginal variability is present only for longer time bins.
EQ Peg (Figs. 19û, 19b ).-No significant variability is apparent in 1933A; variability is found only at the longest time bin for I933B. c) Stars Later than dM5 Ross 614AB (Fig. 6 ).-Variability is present for the longer bin sizes only. Ross 614 is one of the least massive binaries known (0.13 and 0.07 M G , separation ~1"; Probst 1977). A statistical study of M dwarf X-ray emission (Bookbinder 1985) has shown that stars later than dM5 show only low-level (i.e., solar) values of L x , whereas earlier stars show a wide range, from solar to -3 orders of magnitude higher. This suggests that Ross 614A (dM4.0e) may dominate both the combined L x and the variability.
CN Leo (Figs. 10a, 10Z> ).-This star shows variability in 1979 May (possibly a small flare), but no significant variability six months later. The fact that this star (as well as L789-6 below) exhibits coronal variability is significant. CN Leo is a single star with an absolute magnitude of 16.7, and is the coolest and faintest star on the program; its mass may be even less than that of Ross 614B, and its kinematic properties suggest that it is significantly older ( Table 2 ). Yet there is sufficient energy input (presumably of magnetic origin) not only to heat a corona, but to produce fluctuations which are, to first order at least, comparable in time scale and amplitude to younger, more luminous stars with radiative cores. Both Einstein observations were, unfortunately, very short (22.8 and 30.4 minutes, respectively) and contained by far the fewest counts ( -100) of any star on the program; as a result, variability with an amplitude below -60% could not be detected.
L789-6 (Figs. 18û, 18Z> ).-This binary (Leinert, Jaùreiss, and Haas 1986) , OD, late M dwarf was very variable in sequence number 13118, but the start of the observation may have caught the decay phase of a flare rather than quiescent variability. The second observation shows no significant variability, but, as with CN Leo, the upper limit is very high (50%-60%).
d) Stars with Definite Characteristic Variability
Time Scales 40 Eri C (Fig. 4) .-This is the only one of the 19 program stars to show definite evidence of a characteristic variability time scale ( ~ 150 s). Both the variability and the 150 s time scale appear to be associated with the first of the two data segments (I865A). e) Stars without Significant Variability CC Eri (Fig. 2 ).-No significant variability is found in a very short (14.1 minute) observation.
YY Gem (Fig. 7 ).-No significant variability is evident in a continuous 34.4 minute observation.
61 UMa (Fig. 11 ).-No significant variability is found in a continuous 42 minute observation.
v. DISCUSSION
Although the magnitude of the variability shown in Figures  1-19 appears to be small, the fluctuations are, in fact, relatively energetic. The reason is that the IPC bandpass was quite well matched to the spectral energy distribution of stellar coronal emission. The only two late-type dwarfs observed by the Einstein Solid State Spectrometer, AD Leo and Wolf 630, were both found to have a dominant coronal temperature of T=6xl0 6 K, with some evidence for a fainter component at >10 7 K (Swank and Johnson 1981) . The Einstein IPC energy window (0.2-4 keV) detects 85% of the total coronal emission of a 6xl0 6 plasma (Haisch and Simon 1982) : the energy in the light-curve variations is therefore of the order of L x itself. In terms of solar phenomena, the energies relative to L x are comparable to those of subflares, where total event energies are 10 28 -10 30 ergs, in contrast to 10 3°-10 31 ergs for an average solar soft X-ray flare (Svestka 1976, p. 306) .
Since X-ray flares have been observed on several of the stars in Table 1 , it initially would seem that the most likely mechanism for the observed quiescent coronal variability is low-level flaring. While flaring must contribute to the variability, a closer examination of both stellar and solar observations suggests that the situation may be somewhat more complex.
a) The Nature of the Variability
The fluctuations in the Einstein light curves (Figs. 1-19 ) often give the impression of being overlapping, rather than individual, events (e.g., Figs. 5, 8d, 8c, 9c, 136, 15) : virtually nowhere do the light curves suggest isolated small flares (rapid rise, slow decay). If this is the case, then the frequency of events during periods of significant quiescent variability is quite high (perhaps several to many per hour, depending on decay time).
The number-flux, or N(S), relation for flare events (i.e., number of flares versus flare energy) typically follows a power-law distribution; well-known examples include solar hard X-ray flares (Datlowe, Elcan, and Hudson 1974) and stellar photospheric ¿/-band flares (Lacy, Moffett, and Evans 1976) . If quiescent X-ray variability were caused by the extension of a hypothetical N(S) power law to subflare energies, then one would expect to see at least a moderate number of slightly higher energy events that are clearly recognizable as flares above the quiescent level. Such events are not obvious in the Einstein light curves. Only two unambiguous X-ray flares were detected in -6 hours of Einstein observations of YZ CMi (Figs. 8c, 8/) , only one flare in -5 hours on AD Leo (Fig. 9a) , and no flares at all in a combined total of ~ 5 hours on the early M stars CC Eri, YY Gem, CR Dra, BY Dra, and AU Mic (Figs. 2, 7, 14, 16, 17) . The three observed flares had peak fluxes ranging between more than 2 and ~ 7 times the quiescent level; smaller events could easily have been distinguished had they been present.
These observations would seem to imply either that soft X-ray flares do not follow a power-law N(S) relation, or that more than one power-law relation is required. In either case, Fig. 7 .-Variability analysis and light curve for YY Gem (12308). This segment of data is remarkably constant, although the star was variable on 12 hr time scales in HEAO A-l data (C. Ambruster 1983, unpublished) . the presence of more than one kind of plasma instability is suggested. Thus, it may be that low-level flaring is only one component of quiescent coronal variability.
b) Solar Analogs
Quiescent variability of the solar corona and transition region (T -10 5 K) is seen at the limiting sensitivity and time resolution of instruments in both the X-ray and the ultraviolet. Some of these bursts are flarelike (i.e., have an associated Ha enhancement), while in others a chromospheric enhancement is definitely lacking (e.g., Schadee, de Jager, and Svestka 1983). Nonflare soft X-ray bursts have been associated with eruptive prominences, surgelike spikes, loop prominences, and Type III radio bursts (Svestka 1976, p. Ill; Harrison, Rompolt, and Garczynska 1986) .
Fluctuations and flares wifii time scales of minutes to hours are ubiquitous in the 1-8 À (1.6-12.4 keV) full-disk solar data: GOES (Donnelly and Bouwer 1981) , the Mapping X-Ray Heliometer (MXRH) data on OSO 8 (Smith et al. 1978; Wolfson et ai 1977) , and SOLRAD (Kreplin et al. 1977) . But because the peak sensitivity of these detectors was somewhat harder than Einstein's and the quiescent coronal temperature of the Sun somewhat lower ( -10 6 K versus 6X10 6 K), these full-disk instruments saw emission well off the spectral peak, and intensity levels and fluctuations as low as 10" 2 to 10 -3 L x (10 23 -10 24 ergs s -1 ) were routinely measured. This is 2-3 orders of magnitude fainter than what could be measured by Einstein.
Observations of individual active regions also reveal rapid, low-level variability at the ~ 10 24 ergs s -1 level. Skylab observed frequent, almost continuous EUV fluctuations lasting 5-15 minutes from a small, growing active region (Withbroe, Habbal, and Ronan 1985) . Fluctuations are seen in the chromospheric lines of Lya, C il X1335, and several transition region and coronal lines below 1000 A, in many cases in all three bands simultaneously. Enhancements are largest in the transition region, least in the chromosphere. The fraction of the radiation energy in the variable component was -15% for the upper chromosphere and ~ 30% for the transition region and corona. The latter value is, perhaps coincidentally, in good agreement with the M dwarf coronal variability described in this paper. Brightenings of this type were resolved into individual loop structure by Sheeley and Golub (1979) , who found that they were caused by the rapid formation and decay of individual very small loops. Withbroe, Habbal, and Ronan (1985) suggest that stochastic processes from the rapid release of magnetic energy may play a major role in the heating of the upper chromosphere, transition region, and coronal plasmas in small (1') bipolar regions. Figure 21 that the light curve for the older active region is virtually flat, and that the considerable variability of the full-disk light curve is almost entirely a consequence of the variability of the young active region.
c) The Stellar Connection
It is tempting to speculate that stellar quiescent coronal variability is related to scaled-up activity in emerging flux regions, i.e., that emerging flux disturbances on active stars produce a greater proportion of events with subflare energies relative to microflare energies than the Sun. In the solar case, full-disk variability at 1-8 A depends strongly on the presence or absence of active regions on the solar disk (Kreplin etal 1977) : in active regions, the rate of flux emergence is typically 10 times higher than in quiet regions (Liggett and Zirin 1985) . Even the strongest nonflare solar emission is associated with the most rapidly evolving concentrations of magnetic flux (Golub etal 1980) . Much larger amounts of emerging flux appear to be present on active K and M dwarfs, in view of the high-B fields ( ~ 3000 G) and filling factors (50%-70%) that have now been directly measured on EQ Vir and AD Leo (Saar and Linsky 1985; Saar, Linsky, and Beckers 1986) . Also, it seems likely that the long-lived (2-3 yr) dominant starspot region in typical BY Dra light curves is the stellar analog of active longitudes on the Sun, with longterm (and ongoing) emergence and decay of active regions. Thus, if the stellar flux-emergence ratio between active and quiet regions is at all similar to that on the Sun (i.e., -10), significantly more energetic magnetic disturbances in regions of emerging flux should result, especially given the crowding of magnetic loops that is likely to be the case on these small stars.
There is some evidence that the filling factor may approach unity for very late M dwarfs Vilhu 1984) . If the stellar surfaces of such stars were covered with spots, the modulation of soft X-ray emission due to emerging flux instabilities might initially appear to be reduced, whereas Figure 20 suggests a possible enhancement. Flowever, this assumes that all loops are the same size, which is unlikely. In fact, a very high filling factor might further enhance coronal fluctuations, since the likelihood of interactions among flux tubes would be further increased by loop crowding.
It is widely assumed that, like the solar corona, stellar coronae are structured in magnetic loops. In order to test the applicability of theoretical solar coronal loop calculations to M dwarfs, we have applied the model of Golub et al (1982/?) to data for AD Leo, the only star in Table 1 for which both an Einstein Solid State Spectrometer (SSS) spectrum and a direct magnetic field measurement exist. This model has suc-(%) 3anindi/\iv hva 288 ( % ) 3an±ndwv hva 290 Leo (1916) . Although no significant variability is present, the star may have been fainter than at the time of 1915: fewer counts were collected during 1916, although the net time on the star was longer (Table 2) . cessfully matched solar observations, and more recently was found to agree with observations of solar-like (and somewhat later) stars for which magnetic field measurements exist ). In the model, which incorporates the Rosner, Tucker, and Vaiana (1978) loop size scaling law, coronal heating results from the twisting of magnetic flux tubes by subphotospheric convection. Expressions for the magnetic field B and filling factor / depend on the coronal temperature, T c ; the ratio of stellar to solar surface gravities, g/g G ; the X-ray surface flux, F x ; and the photospheric fluid velocity, v/v Q :
where the emissivity, P(T), is taken from Figure 10 of Rosner, Tucker, and Vaiana (1978) , using their analytic fit to Raymond's curve; the pressure scale height of the corona, H= 5xl0 3 r c .(g/g o ) _1 ; and the ratio of the stellar to solar twisting velocity, v/v Q = y (Bookbinder 1985) , g/g G = 2 (e.g., Gray 1976), R* = 3.1 X10 10 cm (Pettersen 1980), B = 3800 + 260 G, and /= 0.73+ 0.06 (Saar and Linsky 1985) . The electron density, n e , can then be calculated from n e =[F x /P(T)Hf} 1/2 . Table 4 lists B, /, and n e for several values of T c . The loop model matches the observed magnetic field for a temperature of 1.8 XlO 7 K, rather than for the dominant temperature of 6xl0 6 K. However, a temperature of 1.8XlO 7 is in good agreement with the hotter component suggested by the Einstein SSS spectra (Swank and Johnson 1981) , and in a similar SSS study of RS CVn stars, the high-temperature component was found to be associated with coronal variability (Swank et al. 1981) .
If the photospheric field strength is determined by the physical properties of the photospheric gas, the value of 3800 G is a long-term property of the star, at least for time scales of millions of years. However, the amount of emergent field There is no significant variability. and its distribution over the stellar surface can change by factors of a few on time scales of days or weeks. Thus, the low value of / derived from the model at T -1.8 X10 7 K (/ = 0.10) may reflect, at least partly, an intrinsic change in / (the Einstein and magnetic field measurements were not contemporaneous).
Table 4 also suggests that, at the dominant low temperature of 6 X10 6 K, a 5 field of 750 G should cover the entire stellar surface. Such a field and filling factor would be marginally detectable but are not seen in existing data (S. Saar 1986, private communication) .
There are no direct measurements -of n e for K and M dwarf coronae. However, values of a few times 10 9 cm -3 (Table 4 ) are in good accord with other predictions (e.g., Cram 1982) and with model-dependent calculations from observations (Haisch etal 1983) . Thus, overall, the coronal loop model is reasonably consistent with observations. Table 5 summarizes the model results for AD Leo. Also listed are predicted values of B, /, and n e for a Cen B and Proxima Centauri, two stars which have been studied extensively using Einstein data (Golub etal 1982a; Haisch etal 1980) . Temperatures in the range (1-3) XlO 7 K are characteristic of both stellar and solar flares (e.g., Kahler etal 1982; Svestka 1976, p. 135) . If stellar coronal variability is caused by flare (or subflare) activity, we might expect that the amount of material at -10 7 K would be relatively enhanced during times of significant coronal variability. The GOES 1-8 A data show, in fact, that the solar X-ray spectrum is significantly harder during periods of high activity (Donnelly and Bouwer 1981) . To test this, we compared hardness ratios for two stars which were variable in one observation and showed no significant variability on another: UV Cet (1905 and 16952) and EQ Vir (1917 and 16969). The UV Cet hardness ratios were the same within (rather large) errors, but the EQ Vir hardness ratios showed a hint of the expected effect (at the 2.2 a level). More refined spectral data are needed to search properly for a temperature-variabihty correlation.
On the other hand, in contrast to Swank and Johnson (1981) , more recent studies using Einstein IPC data suggest that K and M dwarf coronae are dominated by plasma at >10 7 K (Bookbinder 1985; Schmitt etal 1986) . In this case, equation (4) is in excellent agreement with observation. On the Sun weak nonflare 10 7 K plasma is known to exist, particularly in young active regions (Schadee, de Jager, and Svestka 1983). Analysis of Hard X-Ray Imaging Spectrometer (HXIS) 3.5-5.5 keV data from Solar Maximum Mission (SMM) finds two types of high-temperature enhancements, neither of which is associated with any chromospheric, i.e., Ha, flare or brightening; these are therefore classed as "nonflare !' Time scales range from 2 minutes up to ~ 10 hr, and energies range from that of a typical flare down to 10" 4 times that of a typical flare.
d) Flaring as a Coronal Heating Mechanism
It has recently been suggested that stellar microflares (i.e., the extension of the observed N(S) power law to very low energies below instrument thresholds) may be the dominant heating mechanism of late-type stellar coronae. As support for this idea, Skumanich (1985) and Doyle and Butler (1985) called attention to a direct correlation between quiescent L x and the time-averaged i/-band (photospheric) flaring luminosity, (i.e., the summed ¿/-band energy from flares divided by the total observing time).
Because of their relatively high luminosities (-L x ), the fluctuations that Einstein recorded are not "microflares" under the common definition. The term " microflares" derives in much of the current discussion from the solar hard X-ray events ( -20 keV) detected in a balloon flight by Lin et al (1984) . The N{S) distribution for these faint events ( ~10 24 ergs s" 1 , or ~10" 3 L x ) has the same slope as for brighter hard X-ray events (Datlowe, Elcan, and Hudson 1974) and seems to be their extension to lower fluxes. Lin etal (1984) speculate that there may possibly be enough energy in these frequent microflares to heat the solar corona. Because of progressively lower visibility in the softer X-ray bandpasses of I SEE 3 (5-6 keV) and GOES (1.6-12 keV), where simultaneous data were available, it is not clear that any of the hard X-ray microflares would have been visible in an instrument with the Einstein bandpass (0.2-4 keV, peak sensitivity < 2 keV). Lin et al (1984) note, in fact, that detection of soft X-ray microflares may be partially masked by the soft X-ray flux from slowly varying solar active regions.
If the direct proportionahty between and L x is a cause-and-effect relation, i.e., if [/-band (as well as chromospheric) microflaring powers stellar coronae (Doyle and Butler 1985) , one might expect L x to show some dependence on photospheric temperature, since {/-band flaring characteristics are strongly spectral type-dependent. For example: (1) the time-averaged ¿/-band flaring luminosity, is roughly 3 orders of magnitude higher for early M stars than for late M stars (Lacy, Moffett, and Evans 1976, hereafter LME) ; (2) there is a marked quahtative shift in the nature of flaring from more energetic, but less frequent, flares at early M spectral types (e.g., ~10
33 ergs, 0.05-0.1 hr -1 for YY Gem) to more frequent, but less energetic, flares for late stars ( ~ 10 28 ergs, ~ 3 hr -1 for CN Leo; LME); (3) except for the very highest and lowest flare energies, the number-flux plots for flares are reasonably well fitted by power laws, the slopes of which vary from about -0.4 for early M dwarfs to about -1.0 for fully convective stars like CN Leo (LME); and (4) average (7-band flare decay times range from -5 minutes at spectral type dMOe down to ~ 30 s for dM5e (Kunkel 1973) ; this is equivalent to shorter decay times with higher surface gravity (Pettersen, Coleman, and Evans 1984) . (Six of the eight LME stars are included in the present study: YY Gem, AD Leo, EQ Peg, YZ CMi, and CN Leo.) However, the only spectral type dependence found so far for coronal X-ray properties is the suggestion of a change in the magnitude of the dispersion of L x at about spectral type dM5: earlier than dM5 there is a range of 3 orders of magnitude in observed L x (for both OD and YD stars), but after -dM5 only low ( -10 27 ergs s -1 , i.e., solar) values are seen Bookbinder 1985) . (Because L bol is lower, however, L x /L hoX is still higher than for the Sun.) This lack of dependence of X-ray flux on photospheric temperature is paralleled by our finding of a lack of obvious spectral type dependence of either the time scale or the amplitude of quiescent coronal X-ray variability (Table 3 , Fig. 20) , at least for stars earlier than -dM5.
The energy contribution of (7-band microflares can be calculated by integrating the flare-frequency power law (LME, eq. 1CT 4 E min (obs), where £ min (obs) is the detector threshold energy; this is less than 10" 3 L x9 the typical energies of the Lin et al. 1984 microflares, assuming the average decay times in Kunkel 1973 .) The contribution of 4 orders of magnitude of sub threshold microflare energies, L^, is shown in Table 6 for three representative stars of different photospheric temperatures. Because of the steep slope of the (7-band flare N(S) distribution, the integrated time-averaged microflare energy is less than the observed value of In fact, it is seen that the contribution to and L x from subthreshold flares is least in those stars where L x is greatest. Since L x is estimated to be -10 «J^' (Doyle and Butler 1985) , t/-band microflares could be a significant contribution to L x for fully convective M dwarfs (CN Leo), but for early and mid-M stars (YY Gem and YZ CMi), they contribute less than a few percent of the quiescent X-ray luminosity. (LME obtain a similar conclusion using somewhat different integration limits.) There is no information on time-averaged flaring luminosities for Bahner line or other chromospheric diagnostics on late-type stars. However, the solar analogy suggests that the Table 3 ) versus absolute magnitude for the program stars. Note that the plotted amplitude is the statistically most likely value, i.e., twice the lower limits shown in Figs. 1-19 . The amplitude of variability is fairly steady between ~ 20% and 40% until about spectral type dM5. The vertical bars indicate the range of amphtudes found for multiple observations of the indicated star (e.g., AD Leo). In cases where there was significant variability in one observation and none in another, both the detection and the upper Unfit are plotted separately (e.g., EQ Vir). For the M dwarfs, the conversion from M v to spectral type is taken from GUese and Jahreiss (1979) ; for the K stars, from Allen (1972) . chromospheric contribution to the total time-averaged flaring luminosity is greater than for U-band flaring. For solar flares, on average, the total Ha energy per flare is comparable to the total soft X-ray energy per flare (L Ha =1.25 L x^; Thomas and Teske 1971) . Kahler et al (1982) find a similarmtio for a flare on YZ CMi, while for the same flare the total ¿/-band emission was only about 0.5 L x .
It is interesting that, for late-type dwarfs, total quiescent chromospheric and coronal radiative losses are also comparable. The sum of the Balmer fine fluxes (Ha through H/c), which are a good approximation to the total chromospheric losses, are within a factor -2 of the (noncontemporaneous) X-ray surface fluxes (data from Linsky etal 1982 ; see also Gershberg and Shakhovskaya 1983) . However, rather than implying that chromospheric energy (and/or flaring) losses heat the corona, this equality equally well supports Cram's (1982) suggestion that X-ray back-lighting from the corona heats M dwarf chromospheres.
While it is clear on energy grounds that flaring must contribute to the heating of the corona, the diversity of magnetic phenomena on the Sun (e.g., surges, eruptive prominences, coronal mass ejections) suggests that the situation may be highly complex. The flare phenomenon itself exhibits considerable variety, and this may imply differences in flare excitation mechanisms. For example, although generally every Ha flare is accompanied by a soft X-ray burst (Moore et al. 1980) , Schadee and Martin (1986) find that one of 16 Ha flares, five of 22 subflares, and four of six microflares they observed had no detected soft X-ray emission. Dwivedi et al (1984) note the existence of important two-ribbon Ha flares without significant hard X-ray emission. On dMe stars, there is also evidence for significant qualitative differences among flares, most important, perhaps, the major soft X-ray flare observed on Proxima Centauri by Haisch et al (1981) , which lacked any £/-band, Ha, or radio enhancement whatsoever. It is also not clear how a flare or microflare mechanism would heat the quiet solar corona (or the coronae of inactive dK or dM stars) where there are very few flares and [if the slope of the N(S) power law is constant], relatively few microflares.
In fact, SMM observations indicate that flares and the most stable, long-lasting nonflare X-ray emission originate in spatially different parts of an active region, suggesting that flaring may not be a direct contributor to the quiescent X-ray flux .
At present, there is no general agreement among solar physicists on how the Sun's corona is heated; it is not even clear whether there exists a steady heating mechanism, upon which transient (flaring) events are superposed, or whether even the quiescent emission itself is the result of the superposition of numerous low-level events (such as magnetic instabilities in active regions). There appear to be a variety of ways to obtain the requisite energy: microflares (e.g., Withbroe, Habbal, and Ronan 1985) , Alfvén waves (e.g., Hollweg 1984; Hollweg and Sterling 1984) , shocks (Hollweg 1982) , current dissipation (Rosner etal 1978) , electrodynamic coupling (lonson 1984, and, for an application to M dwarfs, Mullan 1984) , and the twisting of flux tubes by subsurface convection (Golub etal 1980; Sturrock and Uchida 1981; Parker 1983) . (Doyle and Butler 1985; Skumanich 1985) , but also with both the quiescent {/-band luminosity, L u , and L bol (LME; Doyle, Byrne, and Butler 1986) . That is, which results from nonradiative heating, is directly proportional to the thermal blackbody radiative output of the star. This apparent paradox could be important evidence for a sensitivity of the underlying magnetic amplification (dynamo) mechanism (and therefore perhaps flare mechanisms) to changes in internal stellar parameters along the lower main sequence (e.g., depth of the convective zone, convective velocity, and so on). On the basis of these relations, we should also find that L x depends on L bol , but evidence for this is, at best, marginal Bookbinder 1985) . The reasons for this are unclear.
VI. SUMMARY Using a sensitive new statistical analysis method, we have been able to establish (and quantify) certain properties of quiescent X-ray variability in late-type dwarfs. The 19 program stars form a fairly homogeneous sample: virtually all are moderately to very active, presumably relatively young, emission-line stars.
Of the 19 stars, 16 proved to be significantly variable, and most stars for which there were sufficient data showed inactive episodes as well. The typical amplitude of the fluctuations was -30%. Variability time scales ranged from -150 s for 40 Eri C to lower limits as large as 2000 s. It is clear that significantly longer observations of these stars with future missions and with simultaneous coverage in other bandpasses will be necessary to characterize better the variability and its relation to other stellar properties.
In view of the strong dependence of ¿/-band flare properties on spectral type, and the recent suggestions that microflaring may power stellar coronae, it was initially surprising that neither the amplitudes nor the time scales of the X-ray variability appear to depend on position along the main sequence. But, in fact, this result agrees well with the lack of spectral type dependence also found for quiescent L x in the large sample of K and M dwarfs studied by and Bookbinder (1985) . The apparent changes near spectral type dM5 (decreased L v , increased variability amplitude) are intriguing, and should be clarified by the upcoming ROSAT and AXAF missions.
The quiescent fluctuations in the Einstein light curves are relatively energetic (of the order of L x itself). There is no obvious structure to the fluctuations which might suggest low-level individual flare events; if anything, there is a suggestion of clumped or overlapping events. If we assume for a moment that the -150 s characteristic time scale for 40 Eri C reflects the duration of a typical event, and if events are sufficiently frequent that they sometimes overlap, then there appears to be a discontinuity between these relatively frequent fluctuations and the relatively rare (one every few hours) X-ray flares, whose peak L x is higher often by factors of only a few. If these two phenomena are connected by a standard power-law N(S) curve, we would expect a fairly large number of intermediate energy events, which are not obviously present. Thus it is not clear that the Einstein fluctuations are related to soft X-ray flares in the same way that the Lin et al. {1984) hard X-ray microflares are related to hard X-ray flares.
For these and other reasons, the extent of the contribution of stellar flares to the heating of the corona remains unclear, ¿/-band microflaring alone may provide a significant fraction (approximately one-third) of the coronal quiescent L x for M dwarfs later than -M5. However, for earlier stars, the contribution appears negligible. In the solar case, there is some evidence from the lack of spatial coincidence between flare sites and sites of long-lasting, stable flux that flares are not the cause of the quiescent X-ray flux (Acton etal. 1981) . It would appear that other coronal heating mechanisms, particularly those involving the stressing of the footpoints of magnetic loops by subphotospheric convection, could account better for the properties of both the active and the quiet Sun (and also active and inactive dwarfs).
The Sun shows examples of both flare and nonflare low-level enhancements associated predominantly with young active regions where there is evidence for considerable quantities of emerging magnetic flux. On the Sun, these X-ray bursts are typically 2 orders of magnitude fainter relative to L x than the Einstein fluctuations, but they occur on comparable time scales (minutes). The connection of these events, seen at EUV and soft X-ray wavelengths, with solar flares is unclear [i.e., whether they are linked by a common N(S) relation]. However, it is tempting to speculate, given recent observational evidence for magnetic fields of 3 kG and filling factors up to 70% on active K and M dwarfs (Saar and Linsky 1985) , that quiescent X-ray fluctuations on late-type dwarfs may be partly a result of scaled-up activity in emerging flux regions.
All stars in Table 1 are active and presumably young. If a sample of older, non-emission-line dK and dM stars were to show a similar amount of quiescent variability, it would imply that soft X-ray variability is independent not only of spectral type but also of age. This in turn might be evidence that low-level variability is related directly or indirectly to the mechanism which heats the corona, and is not a form of activity (such as flaring) which diminishes with time. If variability is absent in the older stars, it would suggest that there is a steady heating mechanism (for example, slow-mode magnetohydrodynamic waves) which is independent of age and which is still present after the various types of activity, ranging from flaring to low-level fluctuations, have died down. We are currently investigating the variability characteristics of inactive K and M dwarfs in the Einstein data, and the results will be reported at a future date.
